In the course of developing methods to obtain dense populations of the ciliated protozoon Paramecium aurelia with undisturbed physiology and free from growth medium, attempts were made to elicit a positive phototactic response. No phototaxis was observed, but a dramatic positive thermotaxis was demonstrated. When a dilute buffer was layered over the more dense culture A uid and a thermal gradient induced, the ciliates first collected at the bufferlculture fluid interface and then moved explosively through it to the top of the buffer layer. Concentrations of 105 organisms/ml. were obtained.
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SUMMARY
In the course of developing methods to obtain dense populations of the ciliated protozoon Paramecium aurelia with undisturbed physiology and free from growth medium, attempts were made to elicit a positive phototactic response. No phototaxis was observed, but a dramatic positive thermotaxis was demonstrated. When a dilute buffer was layered over the more dense culture A uid and a thermal gradient induced, the ciliates first collected at the bufferlculture fluid interface and then moved explosively through it to the top of the buffer layer. Concentrations of 105 organisms/ml. were obtained.
I N T R O D U C T I O N
Attempts to obtain concentrated suspensions of the larger Ciliata using standard methods of centrifugation or differential filtration result in damage to the organisms and contamination of the suspension with particulate debris (van Wagtendonk & Soldo, 1970) . For Paramecium the method of electromigration has been used with mixed success, proving unreliable for large-scale work, while density layering, although useful for axenically grown cells, in our hands is only rarely successful when used with monoxenic cultures (see van Wagtendonk & Soldo, 1970 , for a review of these techniques).
The study reported below shows that a thermal gradient can be used to advantage to produce, rapidly, concentrated suspensions of Paramecium aurelia. If, in addition, dilute buffer is layered over the culture fluid, a dramatic migration of organisms is often observed which we term ' explosive migration'.
METHODS
Paramecium aurelia (stock 51, syngen 4, kappa-free) were grown in our standard Vegemite culture medium (Macindoe & Reisner, 1967) and were in stationary phase for all experiments.
Solution densities were determined refractometrically using an Atago 302 Abbe refractometer.
Buffer solutions contained tris (Trizma Base, Sigma Chemical Co.) adjusted to the desired pH at room temperature with HC1.
Visible radiation was obtained from a 12 V high-intensity lamp (15 W) while infrared radiation was supplied by a 750 W silicon element infrared strip heater run at 45 yo of its rated voltage. At this reduced power no radiation could be detected by eye. Tests of migratory behaviour were carried out in 500 or 2000 ml. Florence flasks. The flasks were filled with culture medium (containing about 3000 organismslml.) either cornpletely or to the base of the neck when a solution of lower density was to be layered over the growth medium. Experiments were performed either at room temperature (23') or in a 25' water bath, and the source of illumination was positioned 30 to 35 mm. above the top of the neck of the flask. Fig. I shows the effect produced when the ciliates were exposed to overhead white light after layering a solution of 0.008 M-tris-HCl, pH 7.8, over the culture medium. Explosive migration towards the light was observed between 30 and 40 min. after initial exposure.
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Population densities exceeding IOO,OOO paramecialml. have been obtained and over 99 yo of the organisms in the culture were recovered. The experiments described below were done in order to determine if their response were truly phototactic.
The proximity of the high intensity lamp used in the initial experiments created a significant thermal gradient in the Florence flasks (40" to 32" between the air-tris and tris-Vegemite interfaces). This gradient was virtually eliminated if the flasks were totally immersed in a 25' water bath. Repeated attempts to obtain explosive migration under this condition failed. In addition, flasks brought to the condition shown in frame 4 of Fig. I and then transferred to the water bath and illuminated were inhibited from undergoing explosive migration while the controls behaved as expected. In a second experiment the tris solution was warmed to 10" above the temperature of the culture medium and then rapidly layered over it. Within 15 sec. paramecia were seen to concentrate at the underside of the tris-Vegemite interface and, within 2 min, we estimated the population at the interface to be about 20,000 organismslml. (mean population density of the Vegemite medium was 3000 organismslml.). When the temperature of the layers had become equal, the high ciliate density at the interface was no longer apparent. We were unable to produce explosive migration into the tris layer in these flasks.
In the third series of experiments the high-intensity lamp was replaced by the infrared heater. Explosive migration was regularly produced in the 500 ml. Florence flasks and duplicated the pattern shown in Fig. I .
It was clear that visible radiation was unnecessary to produce the effect, and the experiments indicated that the paramecia responded to a temperature differential. However, thermal gradients also produce significant density gradients (Ap 32-400 = 0.0027 g./ml. for water), and the experiments described above did not rule out the possibility that the response was caused by this density gradient. In order to obtain information on this point, concave density gradients (simulating the thermally induced density gradients) were produced by varying the tris concentration from 0.08 M to 0.008 M and layering this gradient over culture fluid whose density had been increased by raising its Vegemite concentration to four times the standard amount. In addition, 0.08 M-tris only was layered over four times concentrated culture fluid and exposed to either the infrared heater or a high-intensity lamp, or left untreated. Table I shows the effect produced in these flasks when exposed to different conditions. These data are fully consistent with a thermal differential being responsible for the directed mass migration. However, any flask of culture medium over which the tris solution was layered had a small proportion of organisms moving through the interface and into the tris layer before the thermal gradient was formed (see frame I, Fig. I ). We noted that the density gradient alone induced these paramecia to concentrate near the top, rather than to be evenly distributed as was the case without it. Thus the density gradient induced by the thermal gradient may tend to stabilize the system by reducing convective streaming of the cells in the tris layer.
We found that flasks exposed to thermal gradients immediately after the tris solution was layered over the culture medium failed to produce explosive migration. The flasks had to stand for about 90 min. before induction of the thermal gradient unless small amounts of the Vegemite suspension or the flavobacterium used in monoxenic culturing were introduced 
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C. AYLMER AND A. H. REISNER into the buffer. However, even in such cases the total elapsed time before explosive migration occurred was not reduced. We also observed two other forms of thermally directed mass migration. In one form (seldom observed) the cells moved evenly through the tris-Vegemite interface and collected at the top of the tris layer. With time, high ciliate densities were obtained near the top, and this layer of cells increased in depth, eventually descending to the tris-Vegemite interface. The second form resembled explosive migration in that a high concentration of organisms formed at the tris-Vegemite interface and then moved through the boundary, However, instead of breaking away from the interface and moving rapidly to the top of the tris layer (as seen in frames 6 to 8 of Fig. I ) the ciliates moved up relatively slowly as a group, giving the picture of a dense white column increasing in height above the interface. This form of migration often occurred when 2000 ml. Florence flasks were used, which have 120 mm. necks, thus giving shallower thermal gradients than those produced in the 500 ml. flasks (70 mm. necks). Table I . The efect of diflerent environments on explosive migration of Paramecium aurelia 500 ml. Florence flasks were filled to the base of their necks with Vegemite culture medium over which was layered tris-HCl, pH 7.6. Where flasks were exposed to illumination, they were first held go to 120 min. at 23O prior to exposure. The high-intensity lamp was 35 mm., the infrared silicon heater 30 mm., above the air-tris interface. Where the 25" water bath was used, the flasks were immersed to the level of the air-tris interface.
Concentration
Water bath medium Tris layer Explosive Source of illumination 
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Finally, we observed that flasks filled only with culture fluid (no buffer layer) allowed thermally induced migration, and although convective streaming did occur, concentrations in excess of 5 x 104 organisms/ml. were readily obtained. If the flask was allowed to stand before induction of the thermal gradient, the collection of large particulate matter with the ciliates was greatly reduced.
DISCUSSION
We suggest the following possible explanation for our observations. First, the conditioning period of some 90 min. is required both to alter the composition of the tris layer and to reduce by diffusion the abruptness of the density change at the interface. Alteration (or adultertion) of the tris layer is produced by the relatively small number of cells which cross into it and in so doing carry over some of the culture medium. Secondly, we postulate that explosive migration as such is caused by a thermal inversion which occurs at the trisVegemite interface. The Vegemite medium, being heavily pigmented, absorbs more radiation than the tris layer immediately above it and therefore must be warmer. Because the Vegemite Explosive migration of Paramecium 61 medium is of sufficiently greater density than the tris layer, convection does not occur. The paramecia, being positively thermotactic, are prevented from crossing the interface; instead, they become highly concentrated just beneath it. As the transition zone at the interface broadens by diffusion and by the micromixing caused by the ciliates in the region, the thermal inversion is overcome and the high concentration of organisms just below the interface moves rapidly towards the top of the tris layer, while organisms deeper in the Vegemite medium now migrate evenly up to and through the diffuse interfacial zone. This situation gives rise to the pattern seen in frames 8 to 15 of Fig. I . If the interfacial region is sufficiently diffuse when the thermal gradient is induced, temperature inversion will not occur and the paramecia stream evenly through the interface. Finally, if the temperature gradient in the tris layer is relatively weak (as is the case with the 2000 ml. flasks exposed to the strip heater) the organisms themselves, as they move into the tris layer, tend to cause a significant reduction of it at the ciliate-ciliate-free front, thus slowing their rate of migration and allowing the paramecia following to form a concentrated column beneath them. Thermal gradient concentration may prove useful for ciliates in general and is readily adaptable for the aseptic handling of organisms.
